Abstract This Special Issue describes some steps for introducing measurable improvements into Probabilistic Seismic Hazard Assessment, done during the Italian Project S2-2014 ''Constraining Observations into Seismic Hazard''. The papers here gathered cover different topics, but are joint by the common aim of confronting models' results with observations. In this volume, some contributions for improving the quality and quantity of data archives, the design of new tools for seismic hazard assessment, the development of innovative methodological approaches for sanitizing data incompleteness, and a few case studies for ranking and scoring the seismic hazard results are presented. We dedicate this volume to the friend and colleague Marco Mucciarelli that passed away in November 2016: we keep in our heart the energy and humor he put into the several research branches and activities he promoted inside this project.
S2 2012-14 concerns the mid-long term Seismic Hazard Assessment (SHA) in Italy, with an initial setup of two priority areas, the Po Plain in northern Italy, struck by the 2012 Emilia seismic sequence and peninsular southern Italy, characterized by elevated seismic hazard. Intermediate reports, presentations, datasets and partial results of the project have been conceived as public resources for the whole scientific community and are still fully available on twin project's websites (for S2-2012 and for S2-2014: https://sites.goo gle.com/site/ingvdpc2012progettos2/ and https://sites.google.com/site/ingvdpc2014proget tos2/, respectively).
The S2-2014 Project has produced deliverables and results in the field of the probabilistic seismic hazard assessment (PSHA) relative to the tuning and application of validation methods, implementation of innovative methodologies to include site effects, exploitation of detailed seismotectonic models, and development and acquisition of new tools and data useful for seismic hazard. This issue describe some of the steps done to introduce measurable improvements to PSHA. Conversely, this volume does not describe the activities the project has promoted in relation to the topics of induced seismicity and seismic risk perception, as these themes does not fit the Journal interests; for their potential implications on seismic hazard reduction strategies, interested readers may refer to the deliverables and materials on websites (e.g. http://www.sismicitaindotta.it/news/s2in-workshopsullasismicitaindotta), or to some papers recently published (e.g. Mucciarelli et al. 2015; Peruzza et al. 2015; Stabile et al. 2015; Crescimbene et al. 2015) .
The leading idea of the entire project is to develop and to test quantitative methods to evaluate the results of different PSHA studies by means of the comparison with observed data. Italy is a country with a long history concerning the collection and archiving of instrumental and macroseismic data. For this reason, both this kind of data represent a valuable set of observables that may be exploited for the aim of the project.
''Modern'' instrumental observations are available in Italy since the early '70ies; longlasting accelerometric stations belonging in the past to ENEL (state power company till 1992) and now to the Italian Accelerometric Network (RAN) managed by DPC, are priceless resources. The Italian strong motion database ITACA v2.0 (http://itaca.mi.ingv.it) collects and distributes strong accelerometric waveforms recorded in Italy from 1972, including information on earthquakes and recording stations. During the first phase of the S2 project (S2-2012) the analysis of the ITACA database allowed to build a reference dataset composed by 76 stations (Fig. 1a) satisfying the requirements of a sufficiently long time of operation (at least 25 years).
The first scoring test completed during the first annual phase (Albarello et al. 2014 ) on this dataset highlighted the need of having high quality site characterizations for the accelerometric stations, and a careful check on completeness of recordings. These are the issues addressed by some of the papers of this special volume.
Within the S2-2014 Project, 43 out of 76 selected recording sites have been investigated to provide detailed site-specific characterizations (Fig. 1b) . The analyses have regarded: geological survey to derive maps and stratigraphic cross-section at large scale; low-cost geophysical investigations (MASW, ESAC, P-MASW) to obtain the shear-wave velocity profiles and microtremor measurements to estimate the resonance frequency of the site. All these data have been used to improve the estimate of the soil response to earthquakes and to correctly assign the EC8 soil-category at these stations. Notably, about 1/2 of the studied stations had changed their previously soil category, inferred only on the basis of surface geology. All the newly collected data have been included in the ITACA database, increasing of about 50% the number of stations for which good geological and geophysical information is available. The paper by Felicetta et al. (2016) briefly presents the update of the ITACA database that contains recordings and site information for existing and dismantled stations. All the data gathered up to now have been checked and eventually revised using the information collected during this project, thus improving the quantity and quality of the Italian strong motion dataset.
The papers of Massa et al. (2016) and Mucciarelli et al. (2017) describe ambient vibration measurements used to derive resonance frequency and shear-wave velocity profile at some stations in northern and southern Italy, respectively. The papers also discuss the limits of these techniques when applied in complex geomorphological contexts, such as very deep sedimentary sites in the Po plain or sites where the 1D soil profile cannot be assumed.
The results of the soil response analyses for validating the soil classification at the accelerometric stations are exploited in two other papers. In these cases, data relative to the site characterization are used to de-convolve the accelerometric observations recorded on surface and to retrieve the ground motions at outcropping bedrock. This step is fundamental for taking correctly into account the site effects and for providing a qualified dataset for ranking and scoring the PSHA results on rock sites. Castellaro and Albarello (2016) describe the deconvolution procedure that accounts for the uncertainties in the input parameters and includes some randomization of the shear-wave profile, of the damping and shear modulus variation with strain curves and of the depth of the seismic bedrock. In general, surface/outcropping bedrock ratios rarely exceed a factor 2 irrespective to the ground motion parameter of concern. Notably, the deconvolution coefficients are higher than the ones assigned by the Italian seismic code (Norme tecniche delle Costruzioni, NTC 2008) and this fact has some consequences on validation testing and scoring. Laurenzano et al. (2016) present the case study of the Mirandola accelerometric station (northern Italy). The authors address the issue of evaluating the seismic site response for sites located on large alluvial plains, for which no reference sites can be identified, but some earthquakes can be simultaneously recorded at both surface and depth. In the proposed method, surface and borehole records are firstly used to assess the local 1D velocity model, then a model representing a virtual reference rock site is defined, and finally the spectral amplification is calculated through numerical modelling. Lanzano et al. (2016) update the results of Luzi et al. (2014) on the single-station sigma for Italian strong-motion stations, carried out by means of the residuals analysis. The adopted dataset contains about five times the stations considered in the previous work and updated site categories for the stations, which operated for at least 25 years. For each station, the event-corrected single-station standard deviation and the site-term have been provided. The results of this study can be used as input for the site-specific probabilistic seismic hazard assessment in Italy, removing the ergodic assumption.
In the S2-2014 Project, the applications on macroseismic intensity datasets have been proposed in order to extend the seismic history of recording sites beyond the limited in time availability of strong-motion parameters. Locati et al. (2016) present an innovative web-tool, Rosetta, aimed at linking intensity data points and strong motion data for a set of localities (the about 70 stations previously mentioned), using interactive and innovative integration of 3D terrain representation. Preliminary relationships between ground motion and macroseismic intensity are also derived for the Italian territory.
The data completeness and the representativeness of the operating time of the stations, as reported in the ITACA database, are crucial issues for PSHA scoring. Fiorini and Bazzurro (2016) suggest how to check the completeness of site seismic histories. They propose to model spatially correlated random fields of peak ground acceleration, constrained by the available instrumental observations and by macroseismic data points to establish if accelerometric recordings at selected sites can be missing or larger than a given threshold. Grimaz and Malisan (2016) propose a methodology to evaluate the impact on macroseismic intensity assessment due to repeated shakings during long seismic sequences; taking into account the increase of vulnerability on masonry building stocks, they attempt to evaluate the possible effects of the cumulative damages on intensity values assigned to a locality. Their analysis can have important feedback on the parametrisation of past events, thus on the catalogues of historical earthquakes.
The core of the S2 2012-14 Project was the comparison of seismic hazard models with observations; thus, a collection of PSHA results was the starting point of the activities done during the very first year of the project (Faccioli and Vanini 2013) . After this gathering of some results available for Italy, the concept of repository has been expanded for including some SHA analyses, i.e. deterministic earthquake simulations of some major recent Italian earthquakes.
The description of SYNTHESIS database by D'Amico et al. (2016) includes the main feature of the web-portal to interactively retrieve simulated waveforms, modelling parameters and information on simulation sites. The bulk of data relates to peer reviewed earthquake simulation studies for Italy; a uniform post-processing procedure is applied in order to guarantee the direct applicability of these synthetic accelerograms for engineering applications.
A new PSHA for southern Italy is provided to the project by Akinci et al. (2016) . They acquired new data and tested alternative approaches with respect to the standard model (Gruppo di Lavoro MPS 2004) for the Calabria region; the innovative seismotectonic model combines background seismicity with fault sources, and it allows assigning earthquake probabilities for the large events under Poisson and time-dependent assumptions.
Clustered and de-clustered catalogues have been also tested, showing their impact on ground motion estimates.
Two papers by and explore methods to introduce the local seismic response in PSHA, and to score Ground Motion Prediction Equations (GMPE) in site specific hazard analyses. A comparison of different probabilistic methods for including site effects into ground motion hazard assessments is presented for three test sites in Italy that are characterized by different geological conditions and seismicity levels. From the simplest method based on customized GMPE, to the most complex procedures that convolve site-specific amplification functions (and their variability) with the hazard curves for reference rock, the authors compare the strengths and weaknesses of the different approaches.
In the second study, they apply an empirical scoring method to evaluate the advantages of PSHAs at a regional scale in Italy using GMPEs for pre-defined soil categories. The procedure is applied to quantify the likelihood of the outcomes of different hazard models, with respect to the observations at 56 accelerometric sites operating in Italy for at least 25 years. The results indicate that although the hazard assessment based on GMPE only is a rough and broad simplification of specific site response, large-scale site-specific hazard maps of Italy are compatible with observations, provided that appropriate GMPEs are used. Only two GMPEs was found adequate to this scope, on seven selected GMPEs derived for active shallow crustal regions like Italy.
Closing the loop of the ''Constraining observations into seismic hazard'', Albarello and Peruzza (2016) propose a procedure to score probabilistic seismic hazard estimates provided by ergodic models by a comparison with accelerometric observations available at 76 sites continuously operating for more than 25 years. The method accounts for the potential bias induced by spatial correlation of hazard estimates due to the use of ground motion prediction equations in the modelling. Results show that at least in this case study, the amount of spatial correlation in the hazard estimates is relatively weak, GMPE-dependent, and both related to the exceedance probability and to the spectral acceleration.
The editors believe that this volume addresses important questions regarding the validation of seismic hazard studies, exploiting the potentiality of observed data that will in future be even more. The papers presented herein do not provide final results but rather indicate several possible courses of action in the research field of hazard analysis that we hope can be useful for the entire community.
We dedicate this volume to our esteemed and beloved friend and colleague Marco Mucciarelli who passed away on November the 7th, 2016. He promoted several activities inside this project, working, among others, on extensive accelerometric stations characterization, networking on surface-borehole seismological measurements, and leading initiatives on induced and triggered seismicity. This topic was the subject of the very last meeting of S2-2014 project, a Workshop on induced seismicity held in Rome on June 12, 2015 (videos available on http://crs1-depot.ogs.trieste.it/S2in/Eventi/Workshop_2015.06. 12_Roma/).
